In fact, the Fe(III) ions absorb light at 304 nm and therefore, through spectrophotometric analysis, the absorbed dose can be evaluated from the difference in absorbance measured before and after irradiation. The ultraviolet (UV) optical analysis of the gel dosimetric system is affected by the high absorption of the gel matrix in the UV range of wavelengths. For this reason, the dye xylenol orange (XO) was added to the system in order to shift the absorption wavelength in the visible range, in which the analysis is less affected by the presence of the gel matrix [2] . The XO chelates the Fe(III) ions, leading to the formation of the XO-Fe(III) complex that absorbs at 585 nm [2, [4] [5] [6] [7] [8] . Furthermore, the XO slows down the Fe(III) ions diffusion process, preserving the quality and the integrity of the dose data spatial distribution [9] .
As regard to the NMR techniques, the absorbed dose is measured by the evaluation of the relaxation rates of the water protons [10, 11] . These parameters are dominated by the dipolar interaction between the spins of paramagnetic ions and the adjacent water protons. Fe(II) and Fe(III) ions possess different paramagnetic properties and, hence, affect the relaxation rates of the water protons in a different way. Consequently, the relaxation rate of the system is dependent on the Fe(II) and Fe(III) molar ratio and thus is related to the total absorbed dose [10, 11] . Although the addition of XO is not necessary to perform the NMR analysis, it is frequently added to the system to reduce the Fe(III) ions diffusion speed [9] .
Effects of temperature gradients on dose response were observed within the volume of Fricke xylenol orange (FX) gel phantom [12, 13] . In particular, a different response was observed between the bulk and the peripheral regions of cylindrical phantoms [12, 13] . This behavior is due to the temperature gradients experienced by the system within the volume during the pre-irradiation storage. This phenomenon can affect both the gelling process of the gelatinous matrix and the spatial distribution of the chemical compounds caused by the temperature-dependent solubility [12, 13] .
The aim of this experimental work is to evaluate in a systematic way the dependence of the dose response of the FX gel dosimetric system made of gelatin (Fricke-gelatin-porcine skin, FGX) from the pre-irradiation storage in terms of temperature and duration of each storage step. The system has been studied in spectrophotometer cuvettes with an optical path of 1 cm and subjected to homogeneous irradiation. A systematic analysis has been carried out via spectrophotometric technique with the aim of identifying the particular pre-irradiation storage procedures that give rise to the best dose response stability up to 6 h and a lifetime of use up to 7 days after preparation.
Experimental

Materials and methods
The reagents used were ferrous ammonium sulfate (FAS) (Carlo Erba), sulfuric acid (Carlo Erba Reagent grade 96% pure), xylenol orange (Sigma-Aldrich, 33825) and gelatin from porcine skin of 300 bloom gel strength (Sigma-Aldrich, G2500). All glasswares were accurately rinsed with deionized water.
The dosimetric system was prepared by mixing the gel matrix with the Fricke solution. To prepare the Fricke solution, sulfuric acid (25 mM), FAS (0.5 mM) and Xylenol Orange (0.165 mM) were incorporated into 50% of water necessary for the preparation. In parallel, the gel matrix was prepared by mixing in a beaker the gelatin powder (3% w/w) with the remaining water and the resulting solution was heated in a water bath for 20 min at 45°C, with continuous stirring. Subsequently, the solution was kept at room temperature (20°C) until it reached 35°C. At this stage, the Fricke solution was slowly added to the gel matrix, making it carefully slide on the wall of the beaker in order to minimize air incorporation. The fi nal solution, still in liquid phase, was poured into poly(methyl methacrylate) (PMMA) spectrophotometer cuvettes.
To optimize the gelling process, samples have to be stored in the dark at a temperature between 4 and 7°C until use [6, 7, 12, 13] . In order to analyze the dependence of the system response from the pre-irradiation storage modality, samples were stored following three different procedures. This was needed to examine the gelling process at different temperature rates. In particular, all the samples were prepared at room temperature (20°C) and were then stored as follows: (i) procedure No. 1: storage at 7°C immediately after preparation; (ii) procedure No. 2: initial storage at 20°C for 4 h after preparation and then at 7°C until irradiation; (iii) procedure No. 3: initial storage at 20°C for 8 h after preparation and then at 7°C until irradiation. Due to temperature dependence on the dose response, a greater uniformity of response between the samples can be expected by increasing the time interval before the cooling.
For each pre-irradiation storage procedure, the homogeneous irradiations were performed 24, 48, 96, and 168 h after preparation. The samples were subdivided into four irradiation groups, named a, b, c, and d. Table 1 shows the schema of the samples subdivision after the preparation and explains the classifi cation of the 12 groups of samples thus created.
The homogeneous irradiations in the range 3-24 Gy were performed at room temperature by using a 137 Cs source. All the samples were stored at room temperature in the dark for at least 30 min for thermal equilibration prior to irradiation [14] . The absorbance measurements at 585 nm were carried out at room temperature [14] using a dual-beam spectrophotometer (Lambda EZ210, PerkinElmer). From previous experiments, it was observed that the dose response of the system, with this particular receipt, does not change (within the experimental error) from 40 min after irradiation, and thus the system shows to have reached the chemical equilibrium within this time interval. Consequently, to study the dose response stability of the system, the analyses were performed after 1, 3 and 6 h after irradiation. Between absorbance measurements, the samples were kept in the dark at 7°C and then stored at room temperature for at least 30 min to reach the thermal equilibrium before each analysis. The blank samples of reference were subjected to the same thermal and temporal life as the irradiated ones.
Results and discussion
Regardless of the pre-irradiation storage procedure adopted, the system dose response exhibited a linear behavior for the irradiations performed up to 7 days after preparation with sensitivity values in the range of 0.0882-0.1095 Abs·Gy , respectively. The fi gures concerning the remaining groups of samples are not reported here, but the data obtained are utilized for the results and the considerations reported below.
For each pre-irradiation storage procedure, the absorbance remains constant, within the experimental errors, up to 6 h after the homogeneous irradiation. In this way, the stability of the dosimetric system up to 6 h is verifi ed. As an example, the The sensitivity analysis was performed exploring the groups of samples stored in accordance with each pre-irradiation storage procedure. The results are reported in Figs. 7-9 as a function of the time elapsed before irradiation for each analysis at 1, 3 and 6 h after irradiation.
From Figs. 7-9, it can be inferred that, regardless of the undergone pre-irradiation storage procedure, the system sensitivities increase monotonically as a function of the time elapsed before irradiation. This sensitivity trend has not been shown to be reproducible. Therefore, this dosimetric system requires calibration every time.
A lower variability of the sensitivities between the absorbance data was observed for samples cooled at 7°C after an initial storage at room temperature (i.e. pre-irradiation storage procedures No. 2 and No. 3), as shown in Figs. 7-9 .
In order to quantify the sensitivity variability underlined, for each pre-irradiation storage procedure, the averages and the corresponding percentage relative standard deviations (%RSD) of the obtained sensitivities have been calculated and reported in Moreover, regardless of the pre-irradiation storage procedure adopted, the groups of samples irradiated 168 h after the preparation show higher sensitivities in comparison to the samples irradiated after 24, 48 and 96 h, but, on the other hand, are characterized by greater %RSDs (Table 2 ). This behavior makes the samples irradiated after 168 h not suffi ciently reliable and therefore, the lifetime of use should be shorter than 96 h from preparation (about 4 days).
Conclusion
Three pre-irradiation storage procedures, different in terms of temperature and duration of each storage step, were investigated in order to evaluate their effect upon sensitivity, dose response stability and lifetime of use of a Fricke-gelatin-xylenol orange (FGX) dosimetric system subjected to homogeneous irradiation.
The experimental results show a homogeneous and stable dose response for samples stored at room Regardless of the pre-irradiation storage procedure, the system lifetime of use is estimated to be about 4 days after preparation.
Further studies will be carried out on the pre--irradiation storage procedure of a FGX larger phantom in order to optimize the sensitivity, dose response stability over time and lifetime of use of this dosimetric system in view of a medical application for the routine evaluation of the pre-treatment plan Quality Assurance (QA).
